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Introduction
Understanding the quality of land topography data sets, as represented in Digital Elevation Models (DEMs), is crucial to their appropriate use in land process studies, as inputs to models dependent on topography and for detection of topographic changes obtained from comparison of DEMs acquired at different times. The Ice, Cloud and land Elevation Satellite (ICESat) provides a globally-distributed elevation data set of very high accuracy that is well suited for independent estimation of the vertical accuracy of continental DEMs. The Shuttle Radar Topography Mission (SRTM), using a dual-antennae, single-pass Interferometric Synthetic Aperture Radar (INSAR) operating at a wavelength of 5.6 cm (C-band), has produced the most accurate near-global DEM covering most land and adjacent near-shore ocean areas between latitudes 56°south and 60°north (Farr and Kobrick, 2000; Rabus et al., 2003) . The SRTM DEM is produced with a spatial sampling of 1 arcsecond (approximately 30 m) and the elevation reported is the C-band phase center produced by radar scattering from vegetation, buildings, structures, and the ground surface. For the United States and Territories, the C-band DEM has been released with a grid spacing of 1 arcsecond. Elsewhere in the world the data is distributed with a 3 arcsecond grid spacing.
ICESat, a NASA Earth Observing System mission launched in January 2003, carries the Geoscience Laser Altimeter System (GLAS) which has altimetry and atmospheric lidar channels operating at 1064 nm (near-infrared) and 532 nm (green), respectively. GLAS measures the travel time of laser pulses reflected from approximately 65 m diameter footprints spaced 172 m apart along profiles and the orientation of the laser vector. Combining the altimetry channel ranging distance, derived from the travel time, and the laser pulse orientation with spacecraft position, established by precision orbit determination, yields the horizontal and vertical position of the laser footprint in an Earth-fixed coordinate Plate 1. Representative ICESat 1064 nm transmit pulse (upper right, black) and received waveforms (right, red) (modified from Harding and Carabajal, 2005) . The transmit pulse waveform is approximately Gaussian in its distribution and 6.0 ns (ϳ1 m) wide at half the maximum amplitude. The received waveform is typical of returns from tree cover on flat ground. The alternate threshold (dotted line), alternate signal start and end (horizontal blue lines) and centroid (horizontal dashed blue line) are used to derive highest, lowest, and centroid ICESat elevations. The "standard" fit (black dashed line), "alternate" fits (cyan), and alternate model fit from the sum of the alternate Gaussians (thick blue line) that result from waveform processing are also shown. Time axis is shown with 10 ns ticks. The received and transmit pulse waveform amplitudes are scaled separately. Crown depth is the distance from the canopy top to the lowest major branch. Maximum canopy height is the distance from the canopy top to the centroid of the ground return. The tree cover depicted is illustrative; it does not correspond to the location of the waveform.
frame. Zwally et al. (2002) and Schutz et al. (2005) describe mission details and data products and their accuracies.
Altimeter channel waveforms record the 1064 nm energy of the transmit pulse and received echo (Plate 1) sampled at 1 Gigahertz (1 nsec, equivalent to 15 cm one-way travel). Laser footprint diameter varies with laser operating conditions. For the laser operations period used here, the footprint was slightly elliptical, averaging 46.3 Ϯ 0.7 m and 54.7 Ϯ 0.2 m for the minor and major axis, respectively (M. Sirota, personal communication, 2005) . The received waveform represents the height distribution of illuminated surfaces within the laser footprint. Waveform attributes and derived products are described in Harding and Carabajal (2005) . In this work, we use ICESat products referred to as "alternate" products that are appropriate for complex land surfaces, as opposed to the "standard" products intended for use with waveforms from smooth ice sheet surfaces. The alternate products include a measure of signal start and end, defined as the first and last crossings of a low threshold, and the signal centroid, a distance-weighted average corresponding to the center of gravity of the signal between start and end (Plate 1). Elevations of the highest detected, average, and lowest detected elevations within the laser footprint are derived from signal start, centroid, and end, respectively. The alternate products also include a representation of the location of peaks between signal start and end (Plate 1), modeled as the sum of up to six discrete Gaussian distributions (Brenner et al., 2003) .
Waveform extent corresponds to the distance between the alternate signal start and end. Because the width of the transmit pulse waveform at the threshold level is approximately 2 m, received waveforms reflected from non-vegetated flat surfaces yield a nominal waveform extent of 2 m. Ranging precision is not equivalent to the waveform extent, but rather is approximately 3 cm for flat surfaces achieved by measuring the time between centroids of the transmit and receive waveforms (Abshire et al., 2005; Fricker et al., 2005; Schutz et al., 2005) . With increasing topographic relief, the waveform extent increases. In vegetated areas, signal start corresponds to the upper canopy surface where plant area is dense enough to yield a return signal above the threshold level. Signal end corresponds to the lowest detected ground elevation, where sufficient laser energy is reflected from the ground through gaps in the vegetation canopy. For returns from vegetated, low relief terrain, where the received waveform has separate returns from the canopy and ground (as in Plate 1), the amplitude of the canopy return in comparison to the ground return is a measure of canopy closure (nadir-projected plant area compared to total area). For this work, we compute a waveform centroid relative height (WCRH) that is a measure of the position of the centroid with respect to the signal start and end equal to (centroid elevation -signal end elevation)/(signal start elevation -signal end elevation). WCRH approaches values of one and zero when the centroid is close to signal start and end, respectively. Where the canopy and ground returns are separate, high and low values of WCRH correspond to high and low canopy closure, respectively.
ICESat's capability to measure the vertical distribution of vegetation and the underlying ground provides a means to assess the SRTM elevation results, in particular the amount of C-band microwave penetration into vegetation canopies and elevation biases with respect to the ground surface in vegetated landscapes. Plate 2 illustrates the relationship between SRTM and ICESat elevation profiles for highest, centroid and lowest ICESat-detected surfaces along a profile segment across a largely vegetated region of the Amazon basin, acquired on 07 November 2004. Where tree cover is present, the SRTM elevation is biased upward above the ground into the canopy and corresponds closely to the ICESat centroid. The depth of C-band penetration into the canopy varies along the length of the profile. In a previous study , we described a methodology for evaluating SRTM elevation data as a function of vegetation cover and relief using ICESat, and presented results for SRTM 1 arc second resolution data in a region of the Western United States (WUS). In this study, we report elevation differences between SRTM and ICESat waveform highest, centroid, and lowest elevations for regions in South America, Asia, Africa, and Australia, shown in Plate 3, where SRTM products were distributed with 3 arcsecond resolution. Using a similar approach to Carabajal and Harding (2005) , we establish empirical relationships between elevations derived from the ICESat received waveforms and SRTM C-band radar phase-center elevations as a function of geographic region, percent tree cover, and relief. Previously reported results for the WUS are included here for comparison.
Data Used SRTM Data SRTM was flown aboard NASA Space Shuttle Endeavour (STS-99) on 11-22 February 2000 in a 233 km altitude orbit at an inclination of 57°. It was a joint mission conducted by NASA and the National Geospatial-Intelligence Agency (NGA). The SRTM instrument consisted of a C-and X-band INSAR with transmit and receive antennae housed in the shuttle cargo bay and a second receive antenna deployed on a 60 m boom. The C-band component was provided by the Jet Propulsion Laboratory (JPL) and the X-band component by the German and Italian space agencies (Farr and Kobrick, 2000; Rabus et al., 2003) . SRTM C-band data was collected in a ScanSAR mode, with a swath width of 225 km to cover the globe with minimal gaps. The mission specification for absolute horizontal and vertical accuracy of the C-band radar phase center is 20 m (circular error at 90 percent confidence) and 16 m (linear error at 90 percent confidence), respectively. The SRTM data used in this study is the "unfinished, research-grade" product processed at JPL and distributed in 1°ϫ 1°cells by the United States Geological Survey EROS Data Center. The globally distributed, research-grade 3 arcsecond data set was produced by spatially averaging the 1 arcsecond data.
Details of the SRTM mission configuration, data processing, and error estimates can be found in Farr and Kobrick (2000) , and Rabus et al. (2003) . A full report of the SRTM errors was done by JPL (Rodriguez et al., 2005) . Error contributors to the data stem from subsystems of the space shuttle and instrument characteristics. Data used for system calibration and accuracy assessment activities included kinematic GPS tracks in North America, South America, Australia, Europe, and Africa, static calibrations using corner reflector arrays in the United States and Australia, short and long ocean data takes, ocean ground control points (GCPs) from crossovers, other NGA and JPL on-land (GCPs), DEM "Chip" data generated by NGA from optical imagery, and radar altimeter-derived GCPs obtained by JPL. Random errors are the result of the number of overlapping ScanSAR swaths used in construction of the DEM and the quality of the inteferograms, which is mainly dependent on the strength of the phase coherence. The horizontal accuracy is driven by errors in antenna position knowledge and interferometric phase correlation, which translate into errors in the slant range.
Overall, the horizontal accuracy was found to be better than the requirement, as verified by correlation of ascending and descending orbits. Vertical errors in the SRTM data derive from several sources: instrument errors (thermally Plate 2. (a) ICESat highest (green), centroid (red) and lowest (brown) and SRTM C-band elevations, bilinearly interpolated to the ICESat footprint locations, along a profile segment (A-AЈ, Track 433, Laser 3a period, 07 November 2004) across the Amazon River. Gaps in the profiles correspond to voids in the SRTM data or excluded ICESat data inferred to be from cloud tops or to be surface returns distorted by receiver saturation; (b) color-coded 90 m resolution SRTM C-band elevation data for the confluence of the Negro and Solimões Rivers, forming the Amazon River, ICESat Laser 3a period ground tracks (brown), and the A-AЈ profile segment (yellow). Gaps in the ICESat tracks correspond to areas of dense cloud cover.
induced noise of Ϯ4 m at 30 m scales, and thermal drifts of Ͻ10 m at 8,000 km scales), residual Precision Attitude Determination (PAD) errors (Ϯ10 m at 700 km scales from maneuvers and Ϯ1 m from residual oscillations at 50 km scales, Ϯ0.5 m from motion aliasing at 8 km scales), and residual mosaicing errors. Nevertheless, the absolute vertical accuracy was also found to be better than the mission requirement. Estimates of absolute height errors from kinematic GCPs (Rodriguez et al., 2005) show means of Ϫ0.7 Ϯ 3.7 (6.6 m, 90 percent) in Eurasia, 0.1 Ϯ 4.0 m (6.5 m, 90 percent) in North America, 1.3 Ϯ 3.8 m (6.0 m, 90 percent) in Africa, 1.7 Ϯ 4.1 m (7.5 m, 90 percent) in South America, and 1.8 Ϯ 3.5 (6.0 m, 90 percent) in Australia. These land elevation accuracy validations were conducted in vegetation free areas, where the C-band radar phase center elevation should correspond to the ground surface and direct comparison between ground truth elevations and SRTM is straightforward. In vegetated landscapes, where the C-band radar phase center is located within the vegetation canopy, the accuracy validation is more complex. Furthermore, the kinematic GPS surveys are restricted to roads that generally sample flat to low slope terrain. Comparisons between SRTM and X-Band GEOSAR derived DEMs collected in Santa Barbara County, California, during 2001 and 2002 were done by JPL (Rodriguez et al., 2005) . The GEOSAR DEM's relative height accuracy is 1.0 m (1 sigma), and 2.5 m absolute, averaged over the 10 km swath with 5 m postings, in this area largely comprised by agricultural fields and vineyards. SRTM to GEOSAR comparisons show differences of 0.54 Ϯ 3.32 m., with 50 percent of the differences between Ϫ0.9 m and 2.1 m, and 90 percent between Ϫ4.5 m and 5.8 m. It was observed that neither the GEOSAR X-Band nor the SRTM C-Band data measure the true ground surface, and heights differ significantly (by up to 15 m), in the presence of vegetation cover.
ICESat Data
The ICESat data used in this study were acquired in OctoberNovember 2004, referred to as the "Laser 3a operation period." Elevation products used here are those provided in the ICESat GLA14 (land) product distributed as Release 22, which includes corrections applied to the laser pointing orientation (Laser Reference Sensor (LRS) corrections applied to the Instrument Star Tracker (IST) data and the IST field-ofview (FOV) distortion), but does not include ocean scan nor round the world scan pointing corrections that account for orbital and longer-period, thermally-induced pointing errors (Schutz et al., 2005) . At the time of this analysis, fully calibrated data were only available from the September through December 2003 Laser 2a operation period. However, these data were acquired with a maximum waveform height range (extent) of 82 m that caused truncation of the upper part of waveforms where vegetation cover is tall and/or slopes are steep . Using a waveform compression scheme, the Laser 3a period data was acquired with an extent of 150 m that minimized waveform truncation making it more suitable for assessment of the SRTM DEMs. Other ICESat operation periods were collected during times of northern hemisphere "leaf-off" foliage conditions (March 2003 (March , 2004 (March , and 2005 , comparable to the time frame when SRTM data were collected. However, at the time of this analysis these data had less complete laser pointing calibration corrections applied and were thus less accurate than the period used.
Pointing errors remaining in the ICESat data translate into horizontal and vertical (elevation) geolocation errors. An estimate of the Laser 3a, Release 22 pointing error based on integrated residual analysis of ocean returns (Luthcke et al., 2000) yields a mean and standard deviation of 0.84 Ϯ 2.5 arcseconds corresponding to a horizontal geolocation error of 2.4 Ϯ 7.3 m (Luthcke, personal communication, 2005) . The magnitude of the elevation error depends on the incidence angle between the laser vector and the surface normal. The vertical error is 0.04 Ϯ 0.13 m per degree incidence angle for Laser 3a, Release 22. The error can be negative or positive depending on the slope of the surface and the azimuth of the pointing error. The laser vector points at a nominal 0.3°o ff-nadir angle, avoiding very intense specular reflections from smooth water. This translates into a 0.01 Ϯ 0.04 m vertical error for flat surfaces. For surface slopes of 10°the mean Ϯ three sigma pointing error translates into an elevation error that varies between Ϯ4 m.
The regions selected for comparison of SRTM and ICESat elevations include a variety of topographic relief and vegetation cover types (Plate 3). The WUS region showed a wide range of vegetation cover and relief. The Amazon was used as an example of a region with dense vegetation cover and low relief, while the region in Australia was chosen as representative of low relief and sparse vegetation cover. The area in Africa exhibited moderate relief and vegetation cover, while the region in Asia showed sparse vegetation cover, but a combination of low relief in the Tibetan Plateau, and high relief Himalayan Mountains to the south.
For comparison to SRTM, we converted ICESat data to the same geodetic reference frame (WGS84; NGA, 1994) . Ellipsoidal elevations were converted into orthometric elevations by applying the EGM96 geoid value (Lemoine et al., 1998) interpolated to the footprint locations, after converting ICESat elevations to the WGS84 ellipsoid . At the latitude and longitude location of each ICESat footprint, the corresponding SRTM radar phase center elevation was computed using bilinear interpolation. A measure of SRTM elevation variability was also computed for an area surrounding the ICESat footprint using the standard deviation of the SRTM elevations reported for the 3 by 3 array of posts (approximately 90 m by 90 m for the WUS, and approximately 270 m by 270 m elsewhere) centered at the ICESat geolocation point. This value, which we refer to as SRTM roughness, is due to the combined effects of topographic relief, SRTM measurement noise (i.e., post-to-post relative elevation error), and where vegetated, variable C-band microwave penetration into the vegetation cover.
Data voids in either the SRTM or ICESat data locally precluded comparison of elevations. In areas of high relief, were radar shadowing occurs, or in areas where coherence is lost, there are voids in the SRTM elevation data. For the ICESat data, returns from the Earth's surface are obtained through thin cloud cover. However, thick cloud cover prevents the laser pulse energy from reaching the ground and either no return is detected or the return, and reported elevation, is for the cloud top. For all regions except that in Asia, the tails of the distributions of ICESat centroid minus SRTM elevation differences decrease to near zero beyond Ϯ20 m to Ϯ50 m. Outlier occurrences where the ICESat elevation is more than 100 m above the SRTM DEM are associated with laser returns from cloud tops, and have been excluded from this analysis using a Ϯ100 m ICESat centroid to SRTM elevation difference edit. There are instances where ICESat returns from very low-lying clouds or fog are included in the analysis. In the Asian region, the steep Himalayan Mountain slopes causes a broader distribution of ICESat to SRTM elevation differences, and the Ϯ100 m editing excludes a small fraction of valid differences.
In order to exclude ICESat data with potential error sources that could degrade its accuracy, we have also edited the data to remove truncated and saturated returns. Waveform truncation was identified if the waveforms extent exceeded 148.0 m (waveforms only sampled up to 150 m). Where the return energy exceeds the linear response range of the GLAS receiver, the waveforms become saturated and thus distorted (Abshire et al., 2005) . The distortion introduces a range delay that depends on the degree of saturation (a function of the receiver gain and signal strength; Xiaoli Sun, personal communication, 2005) , causing a low elevation bias of centimeters (for slight saturation) to meters (for severe saturation). For this analysis, waveforms with smoothed return amplitudes greater or equal to 1.4 Volts were identified as saturated and not included.
We have not excluded ICESat data that potentially have range delays as a result of atmospheric forward scattering (Duda et al., 2001; Spinhirne et al., 2005) . The magnitude of this range delay depends on the cloud and aerosol optical depth, particle size, and altitude, and can introduce a toolow elevation bias of centimeters to meters. A forward scattering flag and correction is being implemented by the ICESat project for distribution with the data, and it use will be incorporated in successive analyses of the SRTM DEMs. No editing of the ICESat data was done based on offnadir pointing of the laser beam. Off-nadir pointing introduces elevation errors that are a function of the angle with which the surface is intercepted by the laser beam. For selected targets, the ICESat spacecraft is pointed up to 5°off-nadir; however, most of the data used were acquired at the nominal near-nadir pointing orientation.
MODIS Data
To investigate the effects of vegetation cover on SRTM elevation biases, we used the areal proportional estimate of woody vegetation, provided in the 500 m resolution Vegetation Continuous Fields (VCF) product from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Hansen et al., 2003) . The woody vegetation estimate is referred to as the percent tree cover layer. VCF woody vegetation, herbaceous vegetation, and bare cover estimates were developed from cloud-corrected, monthly composites of MODIS surface reflectance using global training data (representative known pixels that describe the spectral range of every class) derived using high-resolution imagery by Hansen et al., 2003 . The sum of the three cover layers for each 500 m pixel equals 100 percent. These training data applied to MODIS phenological metrics are used with a regression tree to derive percent cover globally. For this analysis we used the percent tree cover value for the pixel in which the ICESat footprint is located, and grouped the data in five categories (0 percent to 20 percent, 20 percent to 40 percent, 40 percent to 60 percent, 60 percent to 80 percent, and 80 and 100 percent tree cover).
Results
Plate 3 shows the geographic distribution of color-coded ICESat centroid minus SRTM elevation differences along Laser 3a profiles for the Amazon Basin and Asia. Gaps in the differences profiles are due to cloud cover or absence of SRTM data (voids). Larger elevation differences, either positive or negative, are associated with areas of greater topographic relief and/or forest cover. Histograms of elevation differences for the ICESat highest, centroid, and lowest elevations with respect to SRTM are shown in Plate 4, and summary statistics for all regions are reported in Table 1 . The centroid elevation minus SRTM histogram for the Amazon (red) is symmetric and strongly peaked, with small mean difference of Ϫ1.94 m, a median of Ϫ1.43 m, and a standard deviation of 7.30 m. The difference histograms for the highest and lowest elevations are also strongly peaked but are somewhat broader than the centroid difference distribution and are offset to mean differences of 14.46 m and Ϫ22.35 m, respectively. The distribution for lowest elevation differences is bimodal, with a smaller population peaked at Ϫ4.40 m related to returns from non-vegetated areas of low relief. Isolated artifacts in the ICESat lowest elevation profile extend approximately 10 to 15 m below the ground surface (e.g. Plate 2) which contribute to the negative tails in the lowest minus SRTM distributions. These artifacts are caused by anomalously high signal occurring after the return from the ground, possibly due to elevated noise that sometimes follows strong surface returns or due to rangedelayed tails caused by forward scattering during transmission through low clouds or the canopy itself. The difference distributions for the region in Asia each consist of two components, with narrow peaks near zero due to returns from the low-relief, non-vegetated Tibetan Plateau and broad positive and negative tails due to returns from the highrelief Himalayan Mountains. In contrast to the Amazon, the centroid mean and median elevation differences are slightly positive (1.12 and 1.01 m, respectively).
For the WUS, centroid mean and median differences are negative (Ϫ3.99 m and Ϫ2.17 m), and distributions for differences with respect to highest and lowest are bimodal and less uniform, since the area comprises a wide range of topographic relief and vegetation cover. Similar results are obtained for the Africa and Australia regions, where centroid differences are negative by several meters and nearly all the SRTM elevations occur below the ICESat highest elevation and above the ICESat lowest elevation. Tighter, single-peaked distributions of differences, and thus, lower standard deviations are observed for Africa and Australia due to the lower relief and sparser vegetation cover.
For all five regions, the means, medians, and peaks of the centroid minus SRTM elevation differences are between Ϫ3.99 and 1.12 m, with all but Asia being negative. In addition, for all regions the SRTM elevation on average is located further above the ICESat lowest elevation than it is below the highest elevation (i.e., SRTM elevation is closer to the highest elevation). For all regions the standard deviation of the centroid differences is smaller than that of the highest and lowest elevation differences, and are all less than 10 m with the exception of Asia where the steep Himalayan topography causes larger differences.
The relationship between ICESat waveform extent, which includes the combined effects of terrain relief (slope and Plate 4. Overlapping histograms of differences between ICESat highest (green), centroid (red) and lowest (blue) detected elevations minus SRTM elevations for the regions in Western U.S., South America (Amazon Basin), Africa, Asia, and Australia. Statistics for the distributions are shown in Table 1 .
(Plate 5a), corresponds to areas of dense vegetation cover where the SRTM elevation surface can vary from smooth (with relatively constant elevations due to uniform C-band penetration into the canopy) to more rugged (due to variable penetration). The cluster with very high waveform extent, low SRTM roughness, and very low WCRH (Plate 5b) probably corresponds to areas of low-lying fog where signal start corresponds to weak returns from the fog layer and signal end corresponds to the surface, yielding anomalously large extents and low WCRH values. This effect has been observed in ICESat profiles across fog-filled valleys on ocean islands. The plots for Australia and Africa exhibit a limited distribution of points due to low and moderate relief and vegetation cover, respectively.
The relationships between elevation differences and waveform extent and SRTM roughness for the Amazon and Asia regions are shown in Plate 6. The distributions in Plate 6 indicate that as waveform extent and SRTM roughness increase, the C-band phase center on average is increasingly biased below the ICESat highest elevation and above the ICESat lowest elevation, but is relatively unbiased with respect to the waveform centroid. Scatter with respect to the regression line increases with waveform extent and SRTM roughness, especially so for the steep Himalayan Mountains. Clipping of the distributions observed for the ICESat lowest elevations is due to the Ϯ100 m editing applied to the centroid minus SRTM differences. Clusters observed in Plate 5 related to WCRH also appear in Plate 6. Results for the regions in the Western U.S., Africa, and Australia show similar relationships (Table 3) .
The effect of the areal-proportion of tree cover, derived from MODIS, and SRTM roughness on ICESat centroid minus SRTM elevation differences for the WUS were shown in Carabajal and Harding, 2005 (Plate 5 and Table 1 ). Distributions broaden and become more negatively skewed as the proportion of tree cover increases, and mean differences increase for increased tree cover and roughness. Similar relationships were observed for the regions in this analysis. Elevation difference statistics as a function of VCF tree cover proportion and SRTM roughness classes for the regions in South America and Africa are shown in Plate 7. Water covered areas, which do not have VCF proportions reported, are excluded. For the Amazon, the mean bias is negative for all combinations of tree cover and roughness classes for ICESat centroid minus SRTM elevation differences, becoming steadily more negative as roughness increases but not varying with percent tree cover within a roughness class. The mean biases for the ICESat highest minus SRTM differences are all positive and become larger with increasing roughness, whereas the lowest elevation differences are all negatively biased and become more negative with increasing roughness. For all roughness classes, both the lowest and highest differences have the largest means for the lowest and two highest tree cover classes, whereas the mean differences for the two intermediate tree cover classes are somewhat smaller. The standard deviations within a roughness class are relatively uniform for highest, centroid, and lowest differences, independent of tree cover class, but increase with increasing roughness. For the Amazon, 65 percent of the data is in the Յ5 m roughness category, and 68 percent is in the 80 percent to 100 percent tree cover class. The smallest mean bias and standard deviation (Ϫ0.14 m Ϯ 3.65 m), occurs for centroid differences in relatively flat areas (SRTM roughness Յ5 m) with low tree cover (0 to 20 percent), which represent 3 percent of the measurements. For the lowest roughness and highest percent tree cover combination, the mean and standard deviation are Ϫ1.23 m Ϯ 5.02 m. For comparable tree cover and roughness class combinations, the ICESat lowest elevations are further below the SRTM elevation, on average, than the highest elevations are above the SRTM elevation, and become more so with increasing tree cover and roughness (Plates 2, 6, and 7). In most respects, the African region exhibits similar trends to those of the Amazon. However, the mean differences are somewhat more variable, and the standard deviations are larger, especially for higher roughness classes. Also, the trends of lowest and highest mean differences increase consistently from low to high tree cover. The mean and standard deviation for the lowest roughness and percent tree cover class, representing 27 percent of the data, is Ϫ3.85 m Ϯ 3.65 m. For the largest represented combination (20 percent to 40 percent tree cover and Ͻ5 m relief, comprising 35 percent of the data), the mean and standard deviation are Ϫ4.57 m Ϯ 3.88 m.
To investigate the isolated effects of topographic relief on SRTM data accuracy, we present results for the Tibetan Plateau -Himalayan region. Because the MODIS VCF classification indicates no more than 20 percent tree cover (Tables 4  and Plate 8 ) and SRTM roughness is strongly correlated with ICESat waveform extent (R 2 ϭ 0.87), we infer SRTM roughness is primarily a measure of topographic relief for this region. The centroid difference distribution is very narrow for the lowest roughness region and become increasingly broadened as roughness increases, with standard deviations increasing from 3.04 m to 34.16 m from low (Յ5 m) to high (Ն20 m) roughness. Centroid mean differences for all roughness classes are similar, close to 1 m.
We summarize the centroid difference results, for all regions studied, for low percent tree cover and all roughness classes in Plate 9. Mean differences are relatively uniform for all roughness classes, but do exhibit more negative means for the WUS and Australian regions for roughness above 15 m, and for the African region for roughness above 20 m. Standard deviations within a roughness class are similar for the five regions, and all regions exhibit increased standard deviations with increasing roughness. Means and standard deviations for centroid differences for the combined low roughness and low percent tree cover category are shown in Table 5 . The means range from 1.03 m in Asia to Ϫ3.85 m in Africa. The standard deviations are quite similar, ranging from 3.04 m to 3.65 m.
Discussion
The close correspondence between ICESat centroid and SRTM elevations (Plate 2), irrespective of tree cover and SRTM roughness, indicates that C-band radar scatterers and 1064 nm optical reflectors, on average, yield a similar elevation. Thus, the SRTM DEMs can be thought of as representing the average elevation of nadir-projected surface area. For four of the five regions examined (Table 1) , the difference between the ICESat centroid and SRTM is equal to or smaller than the 16 m SRTM vertical accuracy requirement (linear error at 90 percent confidence). For the Asia region, the steep slopes of the Himalayan Mountains cause the differences to be larger. For areas of low relief and sparse tree cover, the means and standard deviations for the ICESat centroid differences versus SRTM are small in all the regions examined, in close agreement with other assessments of SRTM accuracy, indicating that the SRTM data is well within the mission specification for vertical accuracy in this type of terrain. The tendency of the mean centroid differences to become more negative with increasing relief for areas of sparse tree cover (Plate 9) could indicate that the sparse tree cover is preferentially located on steeper slopes causing more upward bias of SRTM relative to the centroid and/or the radar phase center becomes preferentially more sensitive to higher ground surfaces than does ICESat as relief increases. In either case, detection of topographic change by differencing SRTM with other DEMs could introduce an apparent uplift bias as a function of increasing relief, especially when elevation matching of low relief areas is used to adjust vertical datums between disparate DEMs. In vegetated areas, SRTM elevations with respect to the highest and lowest ICESat elevations as a function of waveform extent (Plates 6 and 7) provide insight into the depth of penetration of C-band microwaves in vegetation canopies. The C-band radar phase center penetrates slightly less than half way into the canopy on average for all the tree Plate 6. Relationship between ICESat minus SRTM differences for highest, centroid and lowest elevations and ICESat waveform extent and SRTM roughness for the Amazon Basin and Tibetan Plateau -Himalayan regions. Regression lines to the data are shown in black, and corresponding equations show slope and intercept values and the standard deviation of the fit. Data have been color-coded by WCRH.
Plate 7. Means and standard deviations for ICESat minus SRTM elevation differences for all classifications of percent tree cover and all SRTM roughness classes considered in this study. The 80 percent to 100 percent tree cover class is poorly represented in Africa (39 footprints for all relief categories), and it has been excluded from the plot. SRTM roughness categories correspond to roughness less than 5 m, 5 to 10 m, 10 to 15 m, 15 to 20 m, and greater than 20 m. Means and standard deviations have been offset for clarity. The number of footprints included in the analysis and those excluded, where classified by the MODIS VCF product as water returns, are shown.
cover classes and the range of waveform extents. With increasing tree cover and waveform extent, the phase center becomes increasingly displaced upward into the canopy as more radar energy is reflected from canopy components and less from the ground, and the variability of the SRTM elevation relative to the highest and lowest surfaces detected by ICESat becomes larger. The increasing upward bias and greater variability make the SRTM elevation an increasingly less reliable measure of ground topography as tree cover increases.
The general consistency of these regional results provides a means to evaluate the applicability of the SRTM elevation data when ground topography data is required. Using the globally-available MODIS VCF tree cover estimates, roughness estimates computed from SRTM, and the relationships presented here, SRTM elevation biases and variability with respect to the ground can be estimated everywhere SRTM data is available. However, as demonstrated by the elevation differences as a function of waveform extent, vegetation canopy height is a principle influence on the distance SRTM is biased above the ground surface. No estimate of vegetation height is currently available globally to incorporate in the characterization of SRTM biases relative to the ground. Potentially, land-cover classifications derived from image sources such as MODIS and Landsat, calibrated using ICESat waveform extent, could be used to estimate vegetation canopy height globally, providing this additional constraint needed to fully evaluate SRTM biases with respect to the ground.
Conclusions
ICESat data's global distribution referenced to a consistent geodetic reference frame, its horizontal and vertical geolocation accuracy, and its ability to resolve the height distribution of elevations within the laser footprint provide a global set of accurate control points. These data enable global assessments of DEM vertical accuracy in areas of various relief and vegetation cover conditions, where calibration and validation data from other techniques may not be available. We have established relationships between SRTM C-band elevations and ICESat waveformderived highest, centroid, and lowest elevations for regions on five continents as a function of waveform extent, SRTM roughness, and tree cover. SRTM roughness is an estimate of topographic relief in areas of sparse tree cover. For areas of low relief and sparse tree cover, SRTM C-band phase center elevations, in a mean sense, are between 3.9 m below and 1.0 m above the ICESat waveform centroid and the variability of the differences is small (standard deviations between 3.0 and 3.7 m). These estimates of SRTM accuracy are consistent with other estimates for low relief and sparsely vegetated areas, indicating that the errors are well below the 16 m at 90 percent confidence vertical accuracy specification for the SRTM mission for this type of terrain.
As SRTM roughness and/or tree cover increase, SRTM elevations remain essentially unbiased with respect to the ICESat centroid, although in some regions SRTM becomes biased upward by up to 10 m with respect to the centroid in areas of high SRTM roughness. For the five regions in Australia, Amazon, Africa, United States, and Asia, including all tree cover and roughness conditions, 90 percent of the SRTM elevations are within 6.9, 11.5, 12.1, 16.8, and 37.1 m, respectively of the ICESat centroid. The latter large value is due to the steep Himalayan Mountain area included in the Asia region. The standard deviation of ICESat minus SRTM elevation differences is relatively constant as a function of percent tree cover within SRTM roughness class, but increase substantially with increasing roughness (from approximately 3 m to as much as 20 to 34 m, depending on the region). The SRTM elevations are for the most part located between the ICESat detected highest and lowest elevations. In vegetated areas the SRTM elevation, on average, is located about 40 percent of the way from the canopy top to the ground, with the variability of this result increasing with SRTM roughness. Based on these results, which are generally consistent for all five regions examined, the relationship of SRTM elevations to highest, average, and lowest elevations can be estimated at the SRTM DEM cell-scale using globally-available MODIS-derived estimates of percent tree cover and SRTM roughness. These insights into the characteristics of the SRTM elevation data will improve its utilization in the wide variety of scientific investigations and applications programs that require accurate representations of the Earth's topography.
Plate 9. Means and standard deviations for ICESat centroid minus SRTM elevation differences for the 0 percent to 20 percent tree cover class and all SRTM roughness classes, for all regions studied. Roughness categories correspond to roughness less than 5 m, 5 to 10 m, 10 to 15 m, 15 to 20 m, and greater than 20 m. Means and standard deviations have been offset for clarity.
Plate 8. Normalized histograms showing distributions of ICESat centroid minus SRTM elevation differences for the 0 percent to 20 percent tree cover class and all SRTM roughness categories for the region in Asia. Number of returns in each distribution is shown in parenthesis.
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